Objective: To evaluate the diagnostic performance of four different tests in order to differentiate between Cushing's disease (CD) and pseudo-Cushing's syndrome (PCS). Methods: In this prospective study, a total of 73 patients with clinical features of hypercortisolism and insufficient suppression of serum cortisol after 1 mg overnight dexamethasone and/or an elevated excretion of cortisol in 24-h urine samples were included. The circadian rhythm of serum cortisol levels as well as midnight serum cortisol (MserC) levels were assessed in all 73 patients. Late-night salivary cortisol (LNSC) concentrations were obtained in 44 patients. The dexamethasone-CRH (Dex-CRH) test was performed in 54 patients. Results: Fifty-three patients were diagnosed with CD and subsequently treated. Twenty patients were classified as having PSC. Serum cortisol circadian rhythm: the diurnal rhythmicity of cortisol secretion was retained in PCS. A cortisol midnight:morning ratio of O0.67 is highly suggestive of CD (positive predictive value (PPV) 100% and negative predictive value (NPV) 73%). MserC concentration O243 nmol/l has a PPV of 98% in predicting true CD (NPV 95%). LNSC level O9.3 nmol/l predicted CD in 94% of patients (NPV 100%). Dex-CRH test: after 2 days of dexamethasone suppression, a CRH-stimulated cortisol level O87 nmol/l (TZ15 min) resulted in a PPV of 100% and an NPV of 90%. Conclusion: The Dex-CRH test as well as a single measurement of cortisol in serum or saliva at late (mid-) night demonstrated high diagnostic accuracy in differentiating PCS from true CD.
Introduction
Cushing's disease (CD) is caused by an adrenocorticotropin (ACTH)-secreting pituitary adenoma leading to chronic overproduction of cortisol. This results in a clinical phenotype with features like a full plethoric face, central obesity, and muscle and skin atrophy. The diagnosis can be difficult due to gradual development of symptoms and due to overlap with features of metabolic syndrome (1) . In addition, it can be challenging to differentiate cases with mild ACTH-dependent hypercortisolism from conditions that are accompanied by (physiologic) overactivity of the hypothalamic-pituitary-adrenal axis referred to as pseudo-Cushing's syndrome (PCS) . PCS can present with a similar clinical phenotype and is associated with chronic alcoholism, psychiatric disorders, severe obesity, poorly controlled diabetes, and extreme physical stress. Treatment of these underlying conditions will lead to resolution of the Cushingoid symptoms (1, 2) . Appropriate classification of CD and PCS is important as untreated CD is associated with significant morbidity and mortality while wrongly diagnosed patients may experience negative side effects of needless therapy (3, 4) . The 1 mg overnight dexamethasone suppression test (DST) and the excretion of free cortisol in 24-h urinary samples (urinary free cortisol (UFC)) are widely used in the initial evaluation of patients with suspected hypercortisolism. In recent years, assessment of late-night salivary cortisol (LNSC) is increasingly being used as a first-line screening test (1, 5, 6) . However, first-line screening tests are not always able to differentiate accurately between CD and PCS (2, 7, 8) . The substantial overlap in test results has resulted in the development of several second-line tests. The midnight serum cortisol (MserC) test, the analysis of serum cortisol circadian rhythm and the dexamethasonecorticotropin-releasing hormone test (Dex-CRH) are examples of second-line tests that are currently used in medical practice (6, 9, 10) . Both MserC and LNSC as well as the assessment of serum cortisol circadian rhythm are based on the assumption that patients with CD lose their normal cortisol diurnal pattern and show persistently elevated cortisol levels throughout the day, while patients with PCS retain their normal, although slightly elevated rhythm, reaching maximum levels in the morning and minimum levels at midnight (9, 11, 12) .
The Dex-CRH test is based on the fact that patients with CD are still able to mount a pituitary-adrenal response after administration of exogenous CRH despite pre-treatment with dexamethasone. Patients with PCS, however, are relatively unresponsive to CRH stimulation when suppressed by dexamethasone (10) .
Currently, the Dex-CRH test and the measurement of MserC are often regarded as the preferred tests to diagnose or exclude PCS. However, there has been considerable debate regarding the diagnostic performance and optimal cut-off values (1, 9, 13, 14, 15, 16, 17) . The objective of our study was to prospectively validate four tests (LNSC, serum cortisol circadian rhythm, MserC, and Dex-CRH) in the same cohort of patients.
Subjects and methods

Patients
Between 1999 and 2011, a total of 73 patients, suspected for CD or PCS, were prospectively analyzed in the Erasmus Medical Centre Rotterdam (The Netherlands). All patients showed clinical features suggesting hypercortisolism and all of them had positive first-line screening tests defined as insufficient suppression of serum cortisol after DST and/or elevated UFC (mean of at least two 24-h urinary collections). No patients were taking anticonvulsants. When used, estrogens and glucocorticoid-containing preparations were stopped at least 6 weeks before the tests. Because the differentiation between PCS and CS involves mostly differentiation from CD, patients with suppressed ACTH levels (suggesting an adrenal cause of hypercortisolism) and patients with ectopic ACTH secretion (usually a different clinical presentation) were excluded from this study.
Fifty-three patients (ten males, 43 females, mean age 45.9G2.0 years) were ultimately classified as having true CD. The diagnosis of CD was verified by histological examination of the surgically resected pituitary adenoma (basophilic adenomas with positive ACTH staining) and by resolution of symptoms after pituitary surgery and/or fractionated stereotactic radiotherapy. The majority of patients with CD had microadenomas (66%). The remaining 20 patients (six males, 14 females, mean age 47.7G3.2 years) were classified as having PCS. None of them had undetectable ACTH levels or abnormal pituitary findings on magnetic resonance imaging. Severe obesity with or without polycystic ovary syndrome were the most common diagnoses in the PCS group (nZ7). Other diagnoses included depression (nZ6), chronic alcoholism (nZ5) and underlying illnesses such as heart failure (nZ1), and cirrhosis of the liver (nZ1). The prevalence of Cushingoid features in patients with PCS is shown Fig. 1 . Fourteen patients with PCS had normalization of cortisol levels after successful treatment of their underlying conditions (cessation of alcohol, treatment of mood disorder, and achievement of significant weight loss). All patients with PCS showed no progression of symptoms (moon face, buffalo hump, striae, hirsutism, acne, and myopathy) during the median follow-up period of 56 months (range 12-146 months). Clinical characteristics of patients with CD and patients with PCS are detailed in Table 1 . This study was approved by the Local Institutional Review Board. Informed consent was obtained from all patients.
First-line screening tests
All 73 patients collected at least two 24-h urinary samples on different days in order to determine the excretion of free cortisol (UFC, cut-off O850 nmol/24 h). All 73 patients also underwent the 1-mg DST. The test was performed within 1-7 days after collection of 24-h urine samples. An oral dose of 1 mg dexamethasone was administered at 2300 h, followed by assessment of serum cortisol at 0800 h (cut-off value O50 nmol/l). Both firstline screening tests (DST and UFC) were done in an outpatient setting. Mean post-dexamethasone cortisol values and UFC levels are shown in Table 1 . All 53 patients with CD showed insufficient suppression of serum cortisol after the 1 mg DST. UFC levels were elevated in 79% of CD patients. In 42 patients with CD, both first-line screening tests (DST and UFC) noted abnormal test results. In the PCS group, 85% of patients showed insufficient suppression of serum cortisol after dexamethasone suppression. UFC levels were elevated in 40% of PCS patients (nZ8). In five patients with PCS, both first-line screening tests noted abnormal test results.
Second-line tests
The second-line tests were performed within 2 weeks after completion of the first-line screening tests. During this period, there was no change in co-morbidity, used medications or alcohol consumption. All tests were carried out within 1 week after admission to the hospital. Patients were restricted to bed rest. For assessment of MserC and circadian rhythm of cortisol, serum was obtained at 0900, 1700, 2200, and 2400 h in wakeful patients, using an indwelling venous catheter placed one day in advance. The cortisol midnight:morning ratio was defined as serum cortisol concentration at 2400 h/serum cortisol concentration at 0900 h. The Dex-CRH test was added to the study protocol from 2003 onwards. The Dex-CRH test was performed as described previously by Yanovski et al. (10) . In short, patients received 0.5 mg dexamethasone orally, every 6 h for 2 days, starting at 1200 h. This was followed by i.v. administration of 1 mg/kg human CRH (Ferring BV) 2 h after the last administration of dexamethasone. Serum cortisol and plasma ACTH levels were measured 15 and 1 min before CRH administration and 5, 15, 30, 45, and 60 min after CRH administration. Salivary cortisol assessment was performed from 2007 onwards. For assessment of LNSC, saliva was obtained simultaneously with serum using a commercially-available swab (Salivette, Sarstedt AG & Co., Nümbrecht, Germany). This cotton swab was chewed for 1 min and stored in a double chamber plastic tube at room temperature. Before obtaining the sample, subjects were instructed not to drink, smoke, eat or brush their teeth for at least 2 h. 
Laboratory assays
Serum and urinary cortisol and plasma ACTH were measured using chemiluminescence-based immunoassays (Immulite 2000, Siemens, Los Angeles, CA, USA; inter-and intra-assay coefficients of variation, respectively below 15 and 7% for cortisol and below 6.5 and 5.5% for ACTH). Urinary cortisol was measured without prior solvent extraction. Although this may be a less accurate method, the upper limit of normal of this in-house assay was carefully determined according to cortisol secretion rate in healthy controls (18) . Salivary cortisol was measured using a commercial kit (Salivary Cortisol ELISA SLV-2930, DRG Instruments GmbH, Marburg, Germany).
Statistical analysis
Mean and S.E.M. were calculated for continuous data and presented as meanGS.E.M. Proportions were calculated for categorical data. We considered a P value of !0.05 to be statistically significant. The two-tailed Student's t-test was used when continuous data were normally distributed. The Mann-Whitney U test was used when continuous data were not normally distributed. Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were calculated for each test using standard methods. PPV was defined as the proportion of patients that are correctly diagnosed with CD. NPV was defined as the proportion of patients that are correctly diagnosed with PCS. Receiver operating characteristic (ROC) curves were used for each test to determine the area under the curve (AUC) and to define the cut-off value with the best diagnostic performance by minimizing the absolute difference between the highest PPV and highest NPV (diagnostic accuracy of the test). The leave-one-out cross validation method was used to see if a combination of the MserC measurement with the Dex-CRH test would further increase the discriminatory power to distinguish patients with true CD from patients with PCS. Statistical analysis and graphing were performed with the commercially available software packages GraphPad Prism, version 3.0 (GraphPad Software, San Diego, CA, USA) and MedCalc, version 9.64 (MedCalc Software, Ostend, Belgium).
Results
Cortisol circadian rhythm
The dynamics of cortisol secretion in serum were investigated in 52 patients with CD and in 19 patients with PCS. Patients with CD had higher mean cortisol values at all time points compared with patients with PCS. Also, patients with CD showed a relatively flat cortisol pattern throughout the day, whereas patients with PCS retained a diurnal rhythmicity of cortisol secretion (Table 1 and Fig. 2 ). ROC curve analysis (Fig. 2) showed a cortisol midnight:morning ratio of 0.67 to have the highest discriminating capacity between the diagnoses of CD and PCS (PPV 100%, NPV 73%, and AUCZ0.969). The cortisol midnight:morning ratio was O0.67 in 45 patients with CD (sensitivity 87%), whereas all patients with PCS noted a ratio of %0.67 (specificity 100%). The serum cortisol late afternoon:morning ratio (cortisol 1700 h:cortisol 0900 h) and the analysis of the circadian rhythm in salivary cortisol and plasma ACTH did not improve discrimination between groups and are therefore not shown.
Midnight serum cortisol
MserC concentrations were obtained in 53 patients with CD and 20 patients with PCS. Mean MserC levels were significantly higher in patients with CD (577 nmol/lG43) than in patients with PCS (141 nmol/lG13) (P!0.001). 
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The ROC curve for MserC is shown in Fig. 2 . The optimal threshold value to detect true CD was 243 nmol/l (PPV 98%, NPV 95%, and AUCZ0.994). All CD patients except one showed MserC levels in excess of 243 nmol/l (sensitivity 98%). Nineteen out of 20 patients with PCS recorded MserC levels of %243 nmol/l (specificity 95%).
Late-night salivary cortisol
Cortisol in saliva was measured in 33 patients with CD and 11 patients with PCS (Fig. 3) . Mean LNSC levels were significantly higher (P!0.001) in the CD group (35.0G 6.4 nmol/l) than in the PCS group (7.7G1.0 nmol/l). According to the ROC curve (Fig. 3) , the cut-off value yielding the best PPV and NPV was 9.3 nmol/l (AUCZ 0.962). This value corresponds to a sensitivity of 100%, a specificity of 83%, a PPV of 94%, and an NPV of 100%.
Dex-CRH test
The Dex-CRH test was performed in 35 patients with CD and 19 patients with PCS. Sixteen out of 19 patients with PCS had suppressed levels of serum cortisol below 50 nmol/l after 2 days of dexamethasone administration. The mean cortisol level after dexamethasone suppression and before CRH administration in the PCS group was 35 nmol/l (G3.0; range 27-78).
Serum cortisol levels were higher than 50 nmol/l in 33/35 patients with CD after 2 days of dexamethasone suppression. The mean cortisol level after dexamethasone suppression (before CRH stimulation) in the CD group was 288 nmol/l (G51; range 28-1283). Using a cut-off value of 50 nmol/l, this 2-day DST (without subsequent CRH stimulation) demonstrated a sensitivity of 94% and a specificity of 84% (PPV 92% and NPV 89%).
Additional CRH stimulation (Dex-CRH test) led to a correct classification of three more patients with PCS (19/19) . This resulted in a further improvement of the above-mentioned predictive values. The highest diagnostic accuracy of the Dex-CRH test was achieved when the serum cortisol concentration 15 min after CRH administration was used as the criterion. Patients with CD had significantly higher levels of CRH-stimulated serum cortisol than patients with PCS: 365G42.9 vs 41G 4.5 nmol/l (P!0.001). Measurement of plasma ACTH or serum cortisol at other time points did not improve the performance of the Dex-CRH test (data not shown).
The results of the Dex-CRH test are shown in Fig. 4 . ROC curve analysis showed an optimal cut-off value of 87 nmol/l for CRH-stimulated serum cortisol at TZ15 min (sensitivity of 94%, specificity 100%, PPV 100%, and NPV 90%). The AUC provided by the ROC curve is 0.995 (Fig. 4) .
Mild hypercortisolism
The diagnostic value of the described second-line tests did not significantly differ when only CD patients with mild hypercortisolism (i.e. UFC within two times the upper limit of normal; nZ28) were compared with PCS patients (Table 2) .
Combined assessment of second-line tests
Combined assessment of MserC concentration and Dex-CRH test was performed in 53 patients (35 CD and 18 PCS). The results of the two tests in these patients are plotted in Fig. 5 . Discordant test results were found in four patients (Table 3) .
Owing to the relatively small sample size of the PCS group in our study, a leave-one-out cross validation procedure failed to demonstrate any benefit of combining the results of the two second-line tests; the discriminatory 
Discussion
Distinguishing between PCS and (mild forms of) CD can be a diagnostic challenge. Different second-line tests have been used over the past years, but all of them have demonstrated limitations in diagnostic accuracy and it has not always been possible to replicate the proposed cut-off values. In addition, only a few studies have compared multiple tests within the same study population. The aim of our prospective study, therefore, was to validate four tests that are currently used to rule out PCS in a cohort of 73 patients with possible CD. In normal subjects, cortisol is secreted episodically with a diurnal rhythm which parallels the secretion of ACTH. Cortisol levels are highest upon awakening in the morning and decrease gradually throughout the day, reaching a nadir around midnight (19, 20) . In most patients with CD, but not all, this cortisol diurnal rhythm is disrupted with loss of cortisol nadir at midnight due to continuous ACTH production by the corticotroph adenoma with no or less sensitivity to negative feedback suppression (21, 22, 23, 24) . The diurnal profile of cortisol secretion is usually restored again after successful pituitary surgery in patients with CD (25) . In our study, we assessed the profile of cortisol secretion during the day in patients with CD and patients with PCS. The CD group showed a relatively blunted cortisol secretion pattern throughout the day, whereas in the PCS group, the circadian rhythm of cortisol was preserved. The MserC concentration was more than 67% of the morning cortisol concentration in the majority of patients with CD (87%). Using an optimal threshold value of 0.67 for the midnight:morning ratio of cortisol in serum, we found a PPV of 100%. However, a relevant drawback of the analysis of the cortisol circadian rhythm in differentiating between CD and PCS is its low NPV (73%), which may be attributed to a preserved cortisol diurnal rhythm in a subset of CD patients. A number of studies have reported the utility of a single MserC measurement to correctly identify patients with PCS, with cut-off levels ranging from 207 to 331 nmol/l when sampled in the awake state (9, 14, 16) . According to our data, a single MserC concentration of O243 nmol/l has a PPV of 98% in differentiating CD from PCS (NPV of 95%). This high diagnostic accuracy is in accordance with other studies which used almost similar patient groups (9, 26) . However, the impracticality and cost of admitting patients for MserC precludes the use of this test in the initial evaluation of patients with suspected hypercortisolism.
Cortisol levels in saliva correlate with levels of nonprotein bound cortisol in serum (i.e. biologically active circulating cortisol) and are independent of the salivary flow rate (27, 28) . Previously described cut-off points for LNSC levels to establish the diagnosis of Cushing's syndrome vary from 2.95 to 15.2 nmol/l (6, 16, 29, 30, 31,  32, 33, 34 ). This wide range can possibly be explained by differences in study design (prospective and retrospective), inclusion of different causes of Cushing's syndrome (pituitary, adrenal, and ectopic), the use of different control groups (healthy volunteers, patients with obesity, and PCS) and the use of different assays (RIAs, luminescence immunoassay, and mass spectrometry). We studied the usefulness of LNSC assessment in a cohort of patients with suspected hypercortisolism and non-suppressed ACTH levels in order to differentiate between true CD and PCS. We found an optimal threshold value of 9.3 nmol/l to differentiate between both entities with the assay used. Despite its high predictive values (PPV 94% and NPV 100%), determination of LNSC was not superior to MserC measurement in the current survey. However, an advantage of LNSC measurement is the fact that it is a simple and non-invasive method in the evaluation of patients with suspected hypercortisolism, and it is therefore increasingly used as first-line screening test. Salivary samples can be obtained in ambulatory patients and can be stored at room temperature for several days (35, 36, 37) . A potential concern when saliva sampling is performed at home is contamination with topical or inhaled steroids or collection of insufficient volumes of saliva. Other possible interfering factors are gingival bleeding or the stress of midnight awakening (38) . Some authors therefore suggest the collection of two samples of saliva (during consecutive nights) when performed at home (39) .
The combined Dex-CRH test was first introduced in 1993 (10) . An excellent discrimination between CD and PCS was reported when using a serum cortisol cut-off value of 38 nmol/l at 15 min after CRH administration (PPV 100% and NPV 100%). Later studies, however, indicated a Discordant results were found in four patients: three patients with CD and one patient with PCS (see also (13, 14, 15, 17) . These findings are confirmed in the present survey, as we found an optimal threshold value of 87 nmol/l for serum cortisol 15 min after CRH administration (PPV 100% and NPV 90%). The 2-day DST (2 days of dexamethasone suppression without CRH stimulation) also performed reasonably well (cut-off 50 nmol/l; PPV 92% and NPV 89%), but both its PPV as well as its NPV further increased after adding CRH stimulation, although these results are based on a relatively small sample size. In contrast, a study conducted by Martin et al. showed no improvement in the diagnostic accuracy of the 2-day DST when CRH was administered additionally. However, compared with our survey, there was a significant difference in the inclusion of patients with Cushing's syndrome (pituitary and adrenal vs pituitary only) and the number of dexamethasone doses (nine vs eight) (15) . Differences in reliability of the Dex-CRH test in the above-mentioned studies can possibly be explained by the use of different protocols for the Dex-CRH test, administration of different CRH preparations (ovine or human), differences in CRH dosage (1 mg/kg or 100 mg), variation in cortisol and ACTH assays, in particular with respect to measurements in the low range, and absence of uniform criteria to define PCS. Despite the fact that the test is relatively expensive and impractical (hospital admission is required), the Dex-CRH test, based on its relatively high diagnostic accuracy, can still be a valuable tool in cases with indeterminate results of first-line screening tests.
Because it is most difficult to differentiate between CD and PCS in patients with mild ACTH-dependent hypercortisolism, a clinically relevant observation in our study is that the diagnostic performance of all evaluated tests was not different when CD patients with UFC levels within two times the upper limit of normal were compared with PCS patients.
Combining second-line tests did not improve diagnostic accuracy, possibly due to the relatively small sample size of the PCS group. As always, when more tests are used, discrepancies between test results can occur. Generally, within individual patients, the different tests used indicated the same diagnosis. We found in only four patients (CDZ3 and PCSZ1) discrepancies between MserC and post Dex-CRH-stimulated cortisol levels which were just below or above the cut-off value and i.e. because they demonstrated a corticotroph adenoma with positive ACTH staining, these patients cannot be classified. In the clinical scenario where test results are discordant in a patient with mild hypercortisolism, followup is recommended for monitoring progression of symptoms and for repeat testing (1) .
ACTH-secreting pituitary adenomas are known to show overexpression of receptors for CRH and vasopressin in corticotroph cells. Stimulation with either CRH or desmopressin, a synthetic vasopressin analog, results in a direct release of ACTH (40, 41, 42) . Tirabassi et al. (43) reported excellent diagnostic performance as well as perfect diagnostic agreement for the human CRH test and the desmopressin test in a study with a small number of patients with PCS (nZ12), which should be confirmed by future studies.
The strength of our current survey is its prospective design and the clear biochemical criteria used to define PCS (abnormal result in DST and/or elevated UFC on at least two occasions). The limitations are UFC measurement without solvent extraction, the relatively small number of PCS patients, no measurement of plasma dexamethasone levels during DST and Dex-CRH testing and the fact that not all tests were performed in all participating patients.
Conclusion
In the present study, the Dex-CRH test as well as measurement of cortisol in saliva or serum collected at midnight showed high diagnostic accuracy in distinguishing between true CD and PCS. Results of the different tests were concordant in most patients and combining tests did not increase the diagnostic yield. Considering its convenience, its high diagnostic accuracy as a first-line screening test as well as its ability to differentiate between CD and PCS, the use of midnight salivary cortisol assessment as a first-choice test seems rational. Depending on the protocol and assay(s) used, it is important for diagnostic centers to validate these tests and their threshold values.
